A self-assembled two-dimensional (2D) film of tetra-phenyl-porphyrin-4-ferrocene molecules on Au(111) is studied by STM for the presence of intra-and intermolecular correlations in the configurations of the four-pendant ferrocenyl moieties. A statistical analysis of STS images exploits the Pearson's linear correlation coefficient derived from changes in the molecular electron density across lateral positions in the molecular network as a measure of the intra-and intermolecular coupling and/or conjugation between adjacent equivalent molecular components. Density functional theory (DFT) calculation shows that these electron density changes can be assigned to conformational changes of the ferrocenyl units of the molecules. The methodology presented here can be extended to measure correlations in other 2D systems.
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I. INTRODUCTION
Molecular-based nanoscale devices [1] have been intensively researched and developed over the last 20 years as alternatives [2] [3] [4] [5] to traditional inorganic semiconductorbased electronics. Device assembly necessarily involves the deposition and patterning of ordered molecular layers. As MBE is typically limited to inorganic or lowmolecular-weight systems, the deposition of complex functional molecules for device fabrication purposes frequently involves self-assembly from solution. The need to characterize these deposited molecular layers has led to the development of alternative approaches such as solid-liquid interface scanning tunneling microscopy [6, 7] . Although this approach provides excellent resolution under ambient conditions, the presence of a solvent limits the accessible bias range and the ability to accurately characterize the electronic properties of the assembled layer. Ultrahigh vacuum (UHV) STM studies provide superior characterization capabilities [8] [9] [10] [11] [12] [13] . Among the many applications, STM topographic images have been * naydenob@tcd.ie used for conformer statistics [14] and visualization [15] in disordered as well as in ordered [16] overlayers. Another well-established statistical approach is based on random telegraph noise (RTN) analysis use with which both ordered [17] and disordered [18] films have been studied. Thus, application of STM and scanning tunneling spectroscopy (STS) could lead to greater insights into the overall structure and electronic properties of single-layer molecular networks. In many instances, supporting theoretical modeling is required to provide a more complete understanding. However, in assemblies comprised of functional molecules, the conformational freedom and potential for intra-and intermolecular interactions make modeling intractable and other approaches are required to describe the dynamical interactions within these self-assembled networks.
Here, we report on changes in the LDOS driven by moderate nonperiodic conformational changes in a periodic self-assembled two-dimensional (2D) molecular network. We demonstrate that by statistical analysis of differential conductance images recorded at a specific energy one can quickly estimate the levels of intra-and intermolecular coupling between ferrocenyl moieties of the supramolecular film.
II. METHODS AND CHARACTERIZATION
The system we study here is a single-layer molecular film on a metallic (Au) surface [see Fig. 1(a) ] composed of tetra-phenyl-porphyrin (TPP) molecules functionalized in their meso positions with amide substituents comprising ferrocenes (see molecular structure in center of Fig. 1 ). The film is prepared [19] at room temperature in vacuum (1 × 10 −6 mbar) on a Au(111) substrate using commercial electrospray deposition (ESD) from a solution (1:1, Trifluorotoluene : Methanol) that results in the formation of a self-assembled network with a square unit cell of 2.2 × 2.2 nm 2 [19] , as shown schematically in Fig. 1(b) . The unit cell comprises one whole molecule [see the blue square in Fig. 1(b) ] or four ferrocenyl moieties from four adjacent molecules, which we will subsequently refer to as a ferrocenyls quartet [see the green square in Fig. 1(b) ].
All tunneling spectroscopy data (spectra and images) presented here are performed at constant current (25 pA) mode (feedback closed) with lock-in sample-bias modulation of 960 Hz (10 mV rms), which is below the current amplifier's (Femto DLPCA-200) upper cut-off frequency.
No spectra normalization is applied due to the flat background in the bias ranges of interest. This molecular assembly is modeled (including the substrate) by density functional theory (DFT) calculations and was reported previously [19, 20] . Calculation details with the corresponding references [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] are provided in the Supplemental Material [35] . The molecular film formation is dominated by strong N-H-O hydrogen bonds between secondary amide groups of adjacent molecules. The calculated HOMO-LUMO gap of approximately 2.7 eV in the partial electron density of states (PDOS) shown in Fig. 1(d) compares well with the experimental gap of approximately 2.3 eV measured by lowtemperature scanning tunneling spectroscopy at 77 K as shown in LDOS in Fig. 1(c) . The filled-states' peaks P 1 and P 2 between −2 and −1 V in the LDOS spectrum in 034070-2 Fig. 1(c) are dominated by orbitals localized on the iron atoms of the ferrocenyl units, consistent with the PDOS spectra in Fig. 1(d) .
III. RESULTS, STATISTICAL ANALYSIS, AND DISCUSSION
The STM topographic image presented in Fig. 2 (a), which is recorded at −1.5 V, shows protrusions at the ferrocenyl locations reflecting the integration of tunneling current over the Fe-LDOS doublet (P 1 -P 2 ) in Fig. 1(c) . The topography in Fig. 2 (c) recorded at +1.5 V where the integral is over the carbon peak (P 3 ) in Fig. 1(c) shows intensity at the molecular core and the ferrocenyl locations. The differential-conductance (dI /dV) images, on other hand, show the LDOS intensity at a specific energy in contrast to the integral over an energy range in the topographic images. Thus one should expect a periodic intensity pattern in the conductance images consistent with the network periodicity. This is the case for the image in Fig. 2(d) , but not for the image in Fig. 2(b) . The latter [ Fig. 2(b) ] reveals different brightness levels across the network suggesting significant amplitude or positional changes of the high-bias peak P 1 of the LDOS doublet (P 1 -P 2 ) at −1.5 V in Fig. 1(c) .
Since no obvious periodic pattern can be extracted from the conductance image in Fig. 2(b) , a statistical analysis of the pixel amplitudes in this conductance image is performed and the resulting sampling distribution is shown in Fig. 2(f) . The distribution in Fig. 2(f) shows evidence of three peaks, but to evaluate the reliability of this observation, we perform the exact same analysis of the empty states' LDOS peak P 3 at +1.5 V in Fig. 1(c) . This peak is dominated by the PDOS on the carbon atoms of the molecule as can be seen from Fig. 1(d) . The brightness level within the corresponding STM topographic image in Fig. 2(c) is distributed homogenously across the entire molecule while the differential conductance image in Fig. 2(d) shows a strong localization of the P 3 peak on the carbon TPP core of the molecule. The pixel-amplitude sampling distribution of the LDOS image in Fig. 2(d) is shown in Fig. 2 (h) and contains a single intensity structure, which is well described as a Gaussian with a width of 0.5 arbitrary units. This distribution width comprises the system and experimental broadening of a single peak and enables us to decompose the distribution in Fig. 2 (f) into three Gaussian peaks (constant width of 0.6 arbitrary units) corresponding to bright (I ), gray (II ), and dark (III ) intensity levels in Fig. 2(b) .
For completeness, the pixel-amplitude distributions of the STM topographic images in Figs. 2(a) and 2(c) are presented in Figs. 2(e) and 2(g), respectively. Not surprisingly, the tunneling current integral over the single peak P 3 in the LDOS [see Fig. 1(c) ] leads to a sharp single feature in the corresponding distribution in Fig. 2(g) . On other hand, for the filled states' topography in Fig. 2(a) , the tunneling integral includes the amplitude and energy shifting of the doublet (P 1 -P 2 ) and leads to a broad strongly asymmetric single structure in the distribution in Fig. 2(e) , which lacks the three-peak structure resolved in Fig. 2(f) . This
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shows the richness available from an analysis of the LDOS changes that is not available from the energy averaged topographic data. In order to further characterize the nonperiodic pattern in Fig. 2(b) , the LDOS spectra in Fig. 3(a) are recorded across three adjacent network unit cells [topographic image shown on the left panel in Fig. 3(a) ]. Significant variation of the doublet amplitude and energy position can be observed between the spectra in Fig. 3(a) . The spectra cannot be fitted using amplitude variations of peaks with fixed energy positions in the doublet. Significant lateral shifts of the doublet must be included instead. The deviations from the double structure in the experimental data in Fig. 2(b) may be accounted for by spatial LDOS overlap of adjacent ferrocenyls. Additionally, the observed discrepancy between theory and experiment can be understood in terms of the strength of the interface dipole (ID). In general terms, the ID is an effect generated by the interaction of the molecule with a metallic substrate generating a dipole moment that results not only in the reduction of the metallic work function value, but also produces an internal reorganization of the molecular energy levels. In our case, an effective reduction of the Au(111) work function and molecular energy gaps are computed leading to a lowering of the metallic work function and the ferrocene-associated states of 0.5 eV [19] . Since the experiments are carried out at T = 77 K, the height of the moieties is expected to change as a result of thermal motions producing a change in the intensity of the ID, which, in turn, will lead to shifts in the positions of the P 1 and P 2 peaks.
To assist in the assignment of the three-peaked pixelamplitude sampling distribution in Fig. 2(f) , we turn to the DFT modeling [19] of the molecular network where conformational change of the ferrocenyls is observed [see model in Fig. 3(b) ]. The four adjacent ferrocenyls in the quartet adopt different conformers that give rise to slightly shifted peak positions in the corresponding PDOS on the iron atoms of the ferrocenyl moieties [see graphs in Fig. 3(b) ]. The filled state doublet feature (P 1 -P 2 ) dominated by the iron PDOS in Fig. 3(b) is seen to shift in a manner similar to that observed experimentally in Fig. 3(a) , except that theory shows a smaller shift range (80 mV) compared to the experiment (330 mV). Despite this, the parallel shifting of the two peaks is qualitatively similar (details in the Supplemental Material [35] ). If we use the distance between the ferrocenyl iron atom and the surface determined from theory as a proxy measure for the different conformers and plot the calculated PDOS peak energy positions of the doublet against it in Fig. 3(c) , we observe an exponential behavior of the peak energy position with the Fe atom above the Au substrate (Fe height). The same trend is found for each of the doublet peaks P 1 and P 2 in Fig. 3(c) , consistent with the parallel shifting of the two peaks. The red shift of the peak positions toward lower binding energies with the decrease of the ferrocenyl-surface separation is most likely due to the increasing influence of the molecule-induced image potential in the metal substrate [36] . This image potential effect is generally also involved in the reduction of the HOMO-LUMO gap upon molecular adsorption on surfaces [37, 38] . The two conformers (C 3 and C 4 ), which are furthest away from the surface, have doublet energy positions that are very similar and thus the four conformers are reduced to only three energy resolvable groups, which is consistent with the bright-gray-dark (I-II-III ) intensity distribution in Fig. 2(f) . To identify which conformers are associated with each of the three peaks in Fig. 2(f) , it is important to remember that the conductance images are recorded at a fixed bias energy of −1.5 V and that P 1 -P 2 doublet peaks associated with the conformers shift within the tunneling energy window defined by this bias. Since the applied bias is centered on the higher binding energy P 1 peak, this conformer must correspond to the brightest pixels in Fig. 2(b) and consequently to the bright feature (I ) in the distribution in Fig. 2(f) . Any shifting of peak positions from the applied bias energy will necessarily result in a reduction of the LDOS amplitude. However, given the asymmetric shape of the experimental P 1 -P 2 doublet [ Fig. 1(c) ], a red shift of the doublet will introduce a larger reduction in the LDOS amplitude compared to a blue shift (see Supplemental Material [35] ). Based on these considerations and guided by the PDOS calculations in Fig. 3(b) , we assign conformer C 2 to the P 1 peak centered at −1.5 V, which then corresponds to the bright feature (I ) in the distribution in Fig. 2(f) . The red-shifted C 1 conformer [see Fig. 3(b) ] then corresponds to the dark feature (III ) in the distribution in Fig. 2(f) , whereas the higher intensity gray feature (II ) is associated with conformers C 3 and C 4 , which have similar energies. In the absence of coupling between the ferrocenyl conformers, the intensities of features I and III in the distribution in Fig. 2(f) should be equal and half that of feature II. Since this is clearly not the case, we now investigate the presence of coupling between the different ferrocenyl conformers.
To this end, we divide the potential ferrocenyl coupling into two types, which we expect to differ, namely, intraquartet (intermolecule) and intramolecule [see green and blue squares in Fig. 1(b) ]. Using the differential conductance image from Fig. 2(b) , we form pairs of pixel amplitudes for each of the two types of coupling. Each type is decomposed into two sets corresponding to the first and the second nearest neighbors (for details, see Supplemental Material [35] ). We statistically analyze the four sets of pixel-amplitude pairs by calculating the Pearson linear correlation coefficient (r) [39] similar correlation coefficients for the first (0.34) and second (0.36) nearest neighbors, consistent with the weak coupling that drives the formation of the ordered layers of ferrocenes on Cu(111) [40] . The intramolecular correlation coefficient, on the other hand, is very close to zero with values of −0.06 and 0.05 for the first and second nearest neighbors, respectively, indicating that there is no coupling between the ferrocenyls across the molecule. The latter is expected as no conjugation between the phenyl and the porphyrin is observed in the calculations. The weak level of interaction between the ferrocenyl side groups is also consistent with an electrochemical study [20] of a very similar supramolecular film where a single oxidation peak is observed by cyclic voltammograms, which corresponds to the presence of four independent and equivalent ferrocenyl units.
IV. CONCLUSION
Differential conductance images of a tetra-phenylporphyrin-4-ferrocene self-assembled 2D film on Au(111) reveal the presence of STS peaks associated with the ferrocenyl moieties. The energies of these peaks shift depending on the local conformation, which is consistent with theory. An intensity analysis allows an assignment of conformers 034070-5 with those identified by theory and reveals a nonrandom distribution of conformers across the network. A spatial analysis of intensity changes provides an estimate of the level of coupling between the ferrocenyl units within and between molecules. A weak attraction (correlation coefficient: r = 0.35) is observed in the case of intermolecular coupling, which is absent (r ∼ 0) in the case of intramolecular ferrocenyl coupling. The statistical analysis of the differential conductance images described here is enabled by the optimal choice of a specific STS bias where molecular electron density changes occur due to the ferrocenyl conformational changes. This characterization approach is expected to be generally useful for the study of nonperiodic changes and phenomena in periodic 2D systems.
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